In this paper we report the first demonstration of "cavity enhanced rephased amplified spontaneous emission". The rephased amplified spontaneous emission (RASE) protocol provides an all-in-one photon-pair source and quantum memory that has applications as a quantum repeater node. Cavity enhancement of the interaction of the optical mode with the ensemble has the potential to improve the fidelity of the entanglement of the photon pairs. Using heterodyne detection, amplified emission and photon echo induced rephased amplified emission were observed from a Pr 3+ doped Y 2 SiO 5 crystal placed in a Fabry-Perot cavity with a finesse of 70. Modifications to the experiment to allow non-classical correlations to be observed are discussed.
INTRODUCTION
Rephased amplified spontaneous emission is a means of generating and storing entangled photon states, utilizing collective states of an atomic ensemble. In its use of collective atomic ensemble states generated via the measurement of spontaneous emission it is closely related to the scheme proposed in the quantum repeater architecture of Duan et al. commonly referred to as DLCZ [1] . In contrast to the DLCZ scheme, RASE applies photon echo techniques to read out the ensemble state, and thus is inherently temporally multimode. This temporal multimode operation is likely to be advantageous in implementing quantum repeater protocols [2] .
The RASE technique was proposed by Leddingham et al. [3] and has since been demonstrated by Leddingham et al. [4] and Beavan et al. [5] . The basic RASE protocol is performed using an ensemble of inhomogeneously broadened "twolevel" atoms, where the population is initially in the ground state. A -pulse is applied to invert the ensemble. Following this, spontaneous emission is detected in the far field. Since there is no information as to which atom(s) spontaneously decayed, each detected emission event heralds entanglement amongst the atoms in the ensemble. Due to the inhomogeneous broadening, this particular ensemble state will dephase. However, the inhomogeneity can be rephased through the application of a -pulse, similarly to a photon-echo. Following the rephasing -pulse, the ensemble evolves and radiates a time-reversed copy of the initial spontaneous emission sequence, in a well-defined spatial mode.
The RASE demonstration of Beavan et al. was conducted using Pr +3 :Y 2 SiO 5 and single photon detection. It employed a novel photon-echo pulse sequence utilizing four atomic levels. The characterization of this four-level echo (4LE) sequence is reported in Ref. [6] . The 4LE allows the signal (at the single photon level) to be distinguished from coherent emission induced by the inhomogeneous rephasing pulses ( mW intensity). Furthermore, this sequence includes transferral of the optical coherence to a spin-transition, where the coherence can potentially be stored for seconds [7] . Although it was verified that spontaneous emission is rephased by a photon-echo sequence the degree of correlation observed was insufficient to verify non-classical behavior due to added noise in the detection mode. It was found that most of this noise could be negated with improved spectral filtering of the ASE and RASE modes. Approximately one third of the noise though was found to be spectrally-indistinguishable from the RASE mode. This spectrally indistinguishable added noise emission is mostly due to ions that decayed to the ground state indirectly, i.e. via the intermediate crystal field levels. In the case of :Y 2 SiO 5 , this occurs for about 97% of the ions. Like the direct decay to the ground state this indirect process produces a spin wave in the ensemble which can be rephased to create a RASE photon. But unlike in the direct process the direction of the RASE photons from the indirect decay will not be correlated with the ASE photons and they will be emitted into all spatial modes. However, some of this uncorrelated RASE emission will be radiated in the detected mode. An approach to eliminate this effect is to modify the By doing so we could achieve an identical level of gain, with fewer ions initially excited, and thus reduce the number of ions that can radiate uncorrelated emission. This emission noise should reduce in intensity linearly with the cavity finesse. Therefore a moderate finesse of 100 should suffice to remove 99% of this noise. In this paper we describe progress towards developing an entangled photon source based on cavity enhanced RASE. In particular we describe the cryogenic optical cavity system developed, measure the enhancement of the lightatom coupling for the cavity mode and observe ASE and RASE emission from the cavity.
METHOD
This cavity enhanced RASE demonstration is performed using the same photon echo sequence applied to four atomic levels as used in Ref [5] . The four-level echo (4LE) sequence was characterized in Ref. [6] . The application of this pulse sequence to rephase spontaneous emission is shown in the frequency and temporal domains in Fig 1(b) and 1(c) respectively. The 4LE sequence rephases coherence between two levels created by a spontaneous emission event (here 35) and transfers it to a completely different transition (24). This is achieved through the sequential application of two π-pulses driving transitions 25 and 34. As both these bright driving pulses occur on different transitions to the ASE and RASE, the free-induction decay (FID) emission occurs at a different frequency and hence can be filtered from the signals of interest. Additionally due to the flexible phase-matching condition, the FID can be spatially resolved from the ASE and RASE signal. However in this preliminary demonstration a co-propagating beam geometry is used, shown in Fig 1(a) . Fig. 1(b) . The optical lifetime (T 1 ) is roughly , the optical coherence time (T 2 ) is and T 1 between the hyperfine ground states is about 100s. All optical transitions are weakly allowed and the various transition strengths are reported in Ref. [8] . The crystal was placed inside a Fabry-Perot cavity with a finesse of 70 at the 3 H 4  1 D 2 transition wavelength of 606 nm. The cavity is 30 mm in length and consists of one flat mirror with a 99.7% reflectivity and a concave mirror with radius of curvature of 50 mm and reflectivity of 95.0% (at 606 nm). The crystal is placed near the flat mirror. The crystal is antireflection coated and orientated with the C 2 axis of the crystal along the axis of the cavity. The cavity was designed to have a free spectral range of 5GHz so that there was a guaranteed overlap of the one of the cavity's TEM 00 modes with the 3 GHz wide inhomogeneous line of the 3 H 4  1 D 2 transition, without the need for active control of the cavity resonances. The finesse of the cavity was chosen to give a resonance line width of approximately 70 MHz, wide enough to allow the optical excitation of all the hyperfine transitions through the cavity mode. The sample and cavity were cooled to 4.2 K via exchange gas in a liquid helium bucket cryostat. In order to reduce the gain during the ASE period of the sequence to a moderate level, a cavity mode 6 GHz from the centre of the optical transition was employed. The coupling efficiency into the mode of the cavity was above 95% for the course of the measurements.
Placing a Fabry-Perot cavity in a cryogenic environment presents challenges in maintaining the alignment of the cavity and its resonant frequency. To minimize thermal contraction and distortion of the cavity, the cavity spacer was constructed from invar. The mirrors are held in place using spring loaded end caps. The use of an exchange gas cooled cryogenic system allowed the cavity to be maintained at a constant temperature of 4.2 K over a period of weeks. The light was coupled from the top of the cryostat into the cavity along the vertical axis of the cryostat to reduce the affect of thermal contraction of the sample rod on the alignment and to minimize the number of windows the beam had to pass through and hence minimize optical loss. A 150 mm focal length lens was mounted above the cavity to couple the light into the cavity's TEM 00 mode.
In this initial demonstration of RASE the preparation hole-burning sequence and the rephasing sequence were all applied through the cavity mode. Acousto-optical modulators (not shown in Fig 1 (a) ) were used in a double-pass configuration to gate the dye laser (sub-kHz linewidth) and also to shift the laser frequency into resonance with the different hyperfine transitions. Prior to performing each single shot of the RASE experiment, 2MHz trenches were created at the ASE, RASE, and rephasing pulse transitions using spectral hole-burning to provide transmission windows for these frequencies of interest. The ions were then initialized by pumping all the population into ground state 1. The particular spectral hole-burning process employed here is similar to that described in reference [8] . The inverting π-pulse was then applied on transition 15 creating a gain feature with a bandwidth of 200 kHz. After a delay of the rephasing pulses were applied. The output from the cavity was mixed with a local oscillator, path b, and the resulting beat was detected using heterodyne detection in path c.
RESULTS

Measurement of enhancement of atom-light interaction
The enhancement of the coupling strength between the atoms and light was measured by optimizing the echo amplitude for a simple two-level Hahn echo for the same crystal both with and without the output coupling mirror present and comparing the optimized π-pulse areas at the input to the cavity. The echo intensity as a function of pulse duration when the crystal is in the cavity is shown in Fig. 2 . Without the coupling mirror the echo amplitude was maximized with a π-pulse length of for an input intensity of 4.5mW, whereas with the mirror in place the echo was maximized for for an input intensity of 0.3mW, giving a ratio of the input pulse areas of 8.5  0.4. This enhancement of the atom-light interaction is consistent with the measured unloaded cavity finesse of 70.
Observation of ASE and RASE emission
The spectrum of the emission from the cavity is observed as a radio frequency beat with a local oscillator beam tuned 12.3 MHz below the frequency of the inverting π-pulse and 9.6 MHz above the expected frequency of the RASE emission. The emission between the inverting π-pulse and the rephasing pulses and the emission after the rephasing pulses are shown separately in Fig. 3 . The emission after the rephasing pulses was recorded for a duration of after the pulses. Each spectrum shown is generated from an average of 100 repartitions of the pulse sequence. Peak c in Fig 3. is the free induction decay of the 1  5 transition. It is a result of the inverting pulse not being a perfect π-pulse across the ensemble. This emission persists after the rephasing pulse, again because they were not perfect π-pulses and failed to completely depopulate level 5. The ASE emission out of level 5 to level 3, peak d, again does not go to zero after the rephasing pulses because of the residual population in level 5. The RASE emission on the 4  2 transition is observed at 9.6 MHz, peak b. This RASE signal was only present when all three pulses in the RASE sequence were applied. Although an average is shown in Fig. 3 , both the ASE and RASE signals could be clearly seen above the shot noise for single shots. Power spectra of the heterodyne ASE and RASE detection time windows. The dashed line shows the ASE detection spectrum and the solid line the RASE spectrum. Peak c, the FID of the inverting π-pulse, and peak d, the ASE signal appear in both spectra. Peak b shows the RASE signal and peaks a and e are the FIDs from the rephasing π-pulses. The RASE spectrum is vertically magnified 3x.
DISCUSSION
At a detuning of 6 GHz from the center of the absorption line the single pass gain of the 2 mm long crystal created by the inverting π-pulse should be of the order 0.1 dB. At this level of gain both the ASE and RASE signals should only be fractionally larger than the shot noise level and not readily observable. That the observed RASE and ASE signals were well above the shot noise level indicates a significant enhancement of the RASE emission due to the presence of the cavity. More detailed measurements will be required to determine the level of this enhancement and its impact on the level of correlation between the ASE and RASE fields.
To improve the isolation of the ASE and RASE modes from the coherent emission due to the pulse sequence, the next generation of this experiment will move to a counter-propagating beam arrangement so the FIDs of the applied pulses can be spatially as well as frequency resolved from the ASE and RASE signals. The cavity spacer has holes at 8° to the cavity mode axis such that a beam shone down one hole will overlap with the cavity mode and the reflected beam being shone down the other hole. This overlap region is the interaction region in the crystal. The two rephasing pulses will be applied in counter-propagating directions and the ASE and RASE detected in the cavity mode.
CONCLUSION
The RASE protocol serves as an improvement over DLCZ for rare-earth ion based repeaters, allowing temporal. Further, it is compatible with recent advances in rare-earth ion based quantum memories such that a broad range of quantum processing applications can now be considered. The current paper presents preliminary measurements demonstrating the use of a Fabry-Perot cavity to enhance the RASE emission with the aim of increasing the fidelity of the entanglement between the ASE and RASE optical fields.
